Abstract-The future 5G networks are expected to use millimeter wave (mmWave) frequency bands, mainly due to the availability of large unused spectrum. However, due to high path loss at mmWave frequencies, coverage of mmWave signals can get severely reduced, especially for non-line-of-sight (NLOS) scenarios. In this work, we study the use of passive metallic reflectors of different shapes/sizes to improve mmWave signal coverage for indoor NLOS scenarios. Software defined radio based mmWave transceiver platforms operating at 28 GHz are used for indoor measurements. Subsequently, ray tracing (RT) simulations are carried out in a similar environment using Remcom Wireless InSite software. The cumulative distribution functions of the received signal strength for the RT simulations in the area of interest are observed to be reasonably close with those obtained from the measurements. Our measurements and RT simulations both show that there is significant (on the order of 20 dB) power gain obtained with square metallic reflectors, when compared to no reflector scenario for an indoor corridor. We also observe that overall mmWave signal coverage can be improved utilizing reflectors of different shapes and orientations.
I. INTRODUCTION
The use of smart communication devices and the higher data rate applications supported by them have seen a surge in the recent decade. These applications require higher communication bandwidths, whereas the available sub-6 GHz spectrum is reaching its limits due to spectrum congestion. With the opening of millimeter wave (mmWave) spectrum by FCC [1] , various research efforts are underway to use mmWave spectrum for future 5G communications. However, a major bottleneck for propagation at mmWave frequencies is the high free space attenuation, especially for the non-line-ofsight (NLOS) paths. This makes the radio frequency planning very difficult for long distance communications.
Various solutions to this problem have been proposed in the literature, including, high transmit power, high sensitivity receivers, deployment of multiple access points or repeaters, and beam-forming using multiple antennas. However there are limitations to each of these solutions. Increasing the transmit power beyond a certain level becomes impractical due to regulations, whereas the receiver sensitivity is constrained by the sophisticated and expensive equipment requirement. Similarly, using large number of access points may not be feasible economically. The beam forming requires expensive, complex and power hungry devices, and it may still suffer from NLOS propagation.
A feasible and economical solution for NLOS mmWave signal coverage is by introducing metallic passive reflectors. This stems from the fact that electromagnetic waves behave similar to light [2] . The reflection properties of electromagnetic waves are better at higher frequencies due to smaller skin depth [3] and lower material penetration. Similarly, the diffraction around the edges of reflectors is smaller at mmWave frequencies. These reflectors can act similar to a communication repeater but can operate without electricity and negligible maintenance. Similarly, they have larger life spans, and small initial investment cost when compared with repeaters consisting of active elements. They may even be part of everyday objects, such as street signs, lamp posts, and advertisement boards, that can additionally improve mmWave signal coverage.
Passive metallic reflectors have been studied and employed in the past for long distance satellite communications [4] - [6] . However, these studies are limited to point-to-point links, whereas, for cellular networks, we may require wide coverage. There are also limited studies available for downlink communications using passive reflectors [7] , [8] . This is due to the fact that most of the downlink civilian communications operates at sub-6 GHz, where the communication radius is in the kilometer range and few communication repeaters are required. Due to large wavelength, the electromagnetic waves can easily penetrate through most of the building structures without high attenuation, resulting in mostly NLOS communications for the downlink. On the otherhand, mmWave signals observe higher free space path loss and higher penetration loss due to smaller wavelengths. As a result, the communication radius generally shrinks to few hundred of meters. This requires large number of communication repeaters for the downlink and commonly used active repeaters may not be feasible.
The studies available to date in the literature on using passive reflectors for mmWave coverage enhancement are limited. In [9] , indoor coverage analysis at 60 GHz was carried out due to reflections using simulations. It was observed that at 60 GHz, the coverage in the NLOS was dependent solely on the reflections. A parabolic passive reflector is used for outdoor coverage enhancement at mmWave frequencies in [10] , that reflects incoming signal power from base station to users in the building shadowed zones. Numerical results indicate better coverage in the shadowed zones using reflectors. In [11] , a parabolic reflector is used behind a patch antenna operating at 60 GHz of a hand held device. A gain of 19 dB -25 dB is reported after the introduction of parabolic reflector that helps to counter the finger shadowing while operating the device. In [12] , reflecting properties of different building materials both in the indoor and outdoor environments were calculated using channel measurements at 60 GHz.
To the best of our knowledge, there are no empirical studies available in the literature, on the use of metallic reflectors for downlink coverage enhancement at 28 GHz. In this work, we have performed measurements for indoor NLOS mmWave propagation scenario at 28 GHz using National Instruments PXI platform employing different shape and size of metallic reflectors using the setup shown in Fig. 1 . The received power is measured over an NLOS grid in an indoor corridor. We observe more directional power distribution for flat square sheet reflectors as compared to sphere and cylinder reflectors. Furthermore, we can steer effectively the incident power on a flat sheet reflector to a given direction by changing the corresponding azimuth and elevation angles. With 24 × 24 in 2 and 33 × 33 in 2 flat square sheet metallic reflectors, a median gain of 20 dB was observed as compared to no reflector case. The measurement results are compared with the simulation results obtained using Wireless InSite ray tracing (RT) software by creating a similar indoor environment and incorporating diffuse scattering phenomenon in the simulations.
II. RECEIVED POWER/COVERAGE ENHANCEMENT
As mentioned above, electromagnetic waves exhibit similar behavior as light. One of the characteristic feature of light is reflection. In this section, we will discuss about the received power enhancement in NLOS areas using metallic reflectors.
A. Shape of Reflectors
Shapes of reflectors can vary dependent on the application: e.g., well known primary reflectors used at the backside of the antenna are usually designed to focus the energy beam in a given direction and are usually parabolic in shape. Whereas, for the secondary reflectors, shapes may vary. In the past, large flat metallic sheet reflectors are used for point to point communications among the base stations. However, for down link communications, different shapes of the reflectors can be considered dependent on the coverage requirements. In the rest of the paper, we will focus on the downlink mmWave communication links employing secondary reflectors.
Metallic flat sheet reflectors have higher cross section area exposed to the incident energy as compared to the cylinder and sphere reflectors. Additionally, the radar cross section (RCS) pattern is very directive. Therefore, we observe higher amount of energy reflected from large exposed area in a given direction, depending on the orientation of the reflector. For curved shaped reflectors including cylinder and sphere, the reflection characteristics are also dependent on the cross section area. The curved reflectors can either converge or diverge the incoming rays dependent on the side exposed to the incoming beam. Other complex shape reflectors such as sawtooth reflectors can be employed for obtaining different scattering patterns.
B. Size of Reflectors
The ideal size of the reflector is an important design consideration and it is related to the radiation pattern of the transmitted energy, distance, and location of the reflector from the transmitter for a given coverage area. Considering a directional transmit source with respective half-power radiation beamwidths at the elevation and azimuth planes, the transmitted directional beam can be represented as occupying a certain part of a sphere. The radius of sphere and surface area of the transmitted radiation beam on the sphere is dependent on the distance from the source. For simplicity, we can approximate the spherical surface of the transmitted radiation beam on the sphere as a rectangle [13] . It can be observed that as the radius doubles, the energy from the source spreads at four times the surface area, resulting in one fourth of intensity as compared to the source. Therefore, in order to reflect maximum incident energy at a given distance from the source, the size of the flat reflector should be comparable to the surface area extended by the beam at that distance. On the other hand, from a communication operator's point of view, the size of reflector should be as small as possible considering construction, deployment costs and regulations (e.g. strong winds, earthquakes).
C. Energy Steering
In order to dynamically provide coverage to NLOS areas, reflectors can be manually steered similar to beam steering. Depending on the coverage area, the reflector can be oriented in the azimuth and elevation planes accordingly. In order to estimate the reflected ray direction in space, law of reflection may be used i.e., for an incident ray on the reflector at a given surface normal, the reflected ray will also have the same angle as that of the incident ray with the surface normal.
The energy steering mechanism can be explained as follows: If we consider parallel set of straight rays incident on the two edges of the reflector whose surface normal is oriented at angle α with respect to the incident beam, then we observe two parallel reflected rays at angles 2α with respect to the incident beam. This angular region has a width proportional to the width of the reflector. If the majority of the incident beam is bounded within this width, we expect that the reflected beam will have the same width at an angle 2α.
Overall, in order to steer maximum energy, we need a very narrow transmitted beam, especially for long distances. If the distance between the transmitter and the reflector is very large, we will require large size reflectors, comparable to the area of the beam at that point. The steering angle θ cannot be too large as the effective area given by A e = A Refl cos α, exposed to the incident beam will reduce, where A e , and A Refl are the effective and actual reflector areas. 
III. PROPAGATION MEASUREMENTS AT 28 GHZ INDOOR
Measurements were carried out in the basement corridor of Engineering Building II at North Carolina State University. The geometrical setup, and the corresponding measurement and simulation environment for indoor channel measurements are shown in Fig. 1 . The receiver is moved at different positions in the (x, y) plane of the corridor to form a receiver grid. The size of the (x, y) receiver grid is (1.5m, 15m) such that each measurement block is 0.3m×0.3m. A similar geometry is generated using the Remcom Wireless InSite RT software to compare with the measurement outcomes and will be explained in Section IV.
The measurements were performed using NI mmWave transceiver system at 28 GHz [14] as shown in Fig. 2(a) . The system consists of two PXI platforms: one transmitter and one receiver. There are two rubidium (Rb) clocks used at the transmitter and the receiver sides that provide common 10 MHz clock and pulse per second (PPS) signal. The output from the PXI intermediate frequency (IF) module is connected to the mmWave transmitter radio head that converts the IF to 28 GHz. Similarly, at the receiver side, the mmWave radio head down converts 28 GHz RF signal to IF.
The digital to analog converter at the transmitter and the analog to digital converter at the receiver have a sampling rate of 3.072 GS/s. The channel sounder supports 1 GHz and 2 GHz modes of operation. The measurements for this paper are performed using the 2 GHz mode where the sounding signal duration is 1.33 µs, which also is the maximum measurable excess delay of the sounder. This mode provides a 0.65 ns delay resolution in the delay domain, corresponding to 20 cm distance resolution. The analog to digital converter has around 60 dB dynamic range and this system can measure path loss up to 185 dB. The transmit power for the experiment is set to 0 dBm. A power sensor measures the power at the output of the mmWave transmitter front end using an RF coupler. The power sensor lets us convert measurements in dB units into dBm units.
In order get accurate channel measurements, we need to characterize the non-flat frequency response of the measurement hardware itself, and subsequently do a calibration to compensate for the impulse response due to the hardware. For calibration purposes a cable with fixed attenuators connects the transmitter to the receiver. Assuming the cable and the attenuators have flat response, the channel response of the hardware is measured. During actual measurements, the hardware response is equalized assuming hardware response does not vary over time. After this equalization we obtain the response of the actual over the air channel.
The antennas that are used at the transmitter and the receiver are linearly polarized pyramidal horn antennas [15] , having a gain of 17 dBi and half power beam-widths of 26 and 24 degrees in the E and H planes, respectively.
To improve the coverage area in NLOS receiver region in the corridors, we use aluminum flat square sheet reflectors with different sizes, a cylinder, and, a sphere as shown in Fig. 2(b) , Fig. 2(c) , and Fig. 2(d) . These reflectors are placed at the corner of the walls facing the corridor as shown in Fig. 1 . The aluminum sheet used is 5086-H32 having a thickness of .063 in. Three flat square sheets with side lengths of 12 in, 24 in, and 33 in respectively, are used in the measurements. A metallic cylinder of radius 4.2 in and height 18 in is used, whereas a mirror ball covered with aluminum sheet having a diameter of 13.5 in is used. The surface areas of 24 × 24 in 2 , flat reflector, cylinder, sphere have similar cross sectional area.
In order to place different flat reflectors at the same plane, a cardboard of size 33×33 in 2 is used as a reference as shown in Fig. 1(b) . The center of the cardboard is aligned to the center of the bore-sight axis of the antenna. Different sized reflectors are placed such that their centers are aligned to the center of the cardboard. Similarly, the bore-sight axis of the antenna is aligned to the center of the cylinder and sphere. There is no orientation of the reflectors in the vertical plane.
IV. RAY TRACING SIMULATIONS AT 28 GHZ
Simulations for the passive metallic reflectors at mmWave frequencies are performed using Remcom Wireless InSite RT software, replicating the indoor experimental environment as shown in Fig. 1(c) . The red blocks in the figure represent the individual receiver points in the grid. A sinusoidal sounding signal at 28 GHz is used, and the transmit power is set to 0 dBm. Horn antennas [15] , similar to used in the measurements, are used at both transmitter and the receiver grid.
In addition to specular reflection at mmWave frequencies, diffuse scattering also occurs dominantly due to comparable size of wavelength of the transmitted wave and the dimensions of the irregularities of the surfaces that it encounters. In the simulations, diffuse scattering feature has been used to take into account this factor. The diffuse scattering model used in the simulations is directive model. Only the diffuse scattering coefficient is changed for different materials, whereas the other model parameters remain the same. Diffuse scattering coefficient of different materials used in the simulations are 0.1, 0.2, 0.25 and 0.3, for perfect conductor, concrete, ceiling board, and layered dry wall, respectively. The materials with higher roughness are assigned higher diffuse scattering coefficient.
The received power is obtained and summed non-coherently from the received multipath components (MPCs) at a given receiver location. This does not involve the phase of each MPC to be considered in the received power calculation. The similar is done for measurements.
The walls, floor, ceiling, door and reflector materials are selected such that they are similar to the actual measurement environment setup as much as possible. The ITU three layered drywall is used for walls and ITU ceiling board is used for ceilings, concrete is used for floor, and a perfect conductor is used for the door and the metallic reflector. All the materials are frequency sensitive at 28 GHz. The dimensions of the simulation setup are the same as in Fig. 1(a) .
V. INDOOR EMPIRICAL AND SIMULATION RESULTS
In this section, empirical and simulation results are presented for the indoor NLOS measurements with and without metallic reflectors for the receiver grid as shown in 1(a).
A. Coverage with No Reflector
In measurements shown in Fig. 3(a) where no reflector is used, we observe slightly higher received power at the top left corner of the receiver grid mostly due to diffraction at the edge of the corridor wall. In case of simulations, we observe some reflections from the wall opposite to the transmitter; however, the overall received power in this case is less than the measurements. 
B. Coverage with Square Metal Reflectors
The flat reflectors are oriented at 45
• in the azimuth plane as shown in Fig. 1(a) for all the measurements. For the 12×12 in 2 reflector shown in Fig. 3(b) , it can be observed that we have a directional coverage spreading with the distance along the ygrid. The reflected rays that are perpendicular to the incoming rays create a strip of dominant coverage area starting from the top right portion of the receiver grid. The width of this dominant coverage area is proportional to the width of the reflector, as discussed in Section II-C. Furthermore, rays that are incident at different angles on the reflector gets reflected at corresponding angles.
The 24 × 24 in 2 reflector measurement results are shown in Fig. 3(c) . Similar to 12 × 12 in 2 case, we observe a solid strip of dominant coverage area with a width proportional to the size of the reflector. Received power is distributed similarly across the receiver grid with a better coverage as compared to 12 × 12 in 2 case. The 33 × 33 in 2 reflector case is shown in Fig. 3(d) . It can be observed that we do not obtain additional benefit from the size of the reflector compared to 24 × 24 in 2 case. This can be explained due to the directional nature of the transmission. The surface area of the incident beam approximated to a rectangle will have higher intensity at the center as compared to the edges. Therefore, when using 33 × 33 in 2 reflector, we may cover more area of the incident beam. However, since the outer areas of the reflector receives lower energy as compared to the center, we observe no significant increase in the received power as compared to 24 × 24 in 2 reflector (See Section II-C). For all the flat reflector scenarios, we observe power distribution mostly on the right side of the receiver grid, whereas we observe outage at the top left corner of the receiver grid. This is due to the property of directional reflection for the flat reflectors. Three plausible solutions to provide coverage on the top left side of the receiver grid, can be; 1) By orienting the reflector at angle less than 45
• (but will result in reduced power on the right side of the grid); 2) Using a transmit beam having higher angular diversity; 3) Using outward curved reflectors e.g. cylinders that can distribute the energy more uniformly on the grid due to divergence phenomenon.
In Fig. 3 side by side comparison of measurements and RT simulations are possible. The distribution of the power on the receiver grid is similar for both the measurements and the simulations for the three different reflector sizes. For all the cases, we observe smaller received power for RT simulations when compared to the measurements. One reason is the presence of additional small scatterers in the environment and approximate diffuse scattering coefficients used in the simulations for real world materials. A small additional power gain is observed for 12 × 12 in 2 and 24 × 24 in 2 reflector from the cardboard which was not included in simulations.
C. Coverage with Cylinder and Sphere Reflectors
The measurement and simulation results for cylinder and sphere reflectors are shown in Fig. 4 . We observe that the sphere reflector does not help much to improve the performance. The cylinder reflector provides more uniform power distribution on the receiver grid as compared to flat reflectors. Although, both cylinder and sphere have curved shapes with equal surface areas, we observe higher received power for the cylinder. The reason for this can be explained due to high divergence of the incoming rays randomly in the surroundings from the top and bottom of the sphere. Similarly, for both the cylinder and sphere, we observe less power as compared to the flat reflector 24 × 24 in 2 , though all three have approximately similar cross section area. The main reason for this behavior is due to small cross section area of the cylinder and sphere exposed to the incoming beam as compared to the flat reflector. Additionally, we observe high divergence of incoming rays in different directions from curved surfaces.
Simulation results in Fig. 4 exhibit larger received power as compared to measurements. This behavior can be explained due to limitations in the construction of the cylinder and sphere. As the cylinder was built by curving a metallic sheet, a slight difference in the curve angle of the cylinder can change the reflection of rays on the receiver grid. Similarly, sphere was constructed from a mirror ball with aluminum sheet wrapped on the top. The wrapping introduces wrinkles that result in additional random scattering of the incoming rays.
D. Coverage with Curved Reflectors
Due to directional properties of the flat reflector, we expect most of the energy directed in a given direction on the receiver grid as shown in Fig.3 . However, an outage is observed on the receiver grid at the top left of the grid for these reflectors. This outage is minimized using cylinder and sphere reflector as shown in Fig. 4 . However, only limited area of the cylinder and sphere reflector is exposed to the incident rays. Therefore, in order to combine the properties of cylinder and sphere, we have built curved reflectors at different angles of curve in AutoCAD in order to uniformly reflect the incoming rays with maximum surface area exposed to the incoming rays as shown in Fig. 2(e) . The surface area of these curved reflectors with a height of 24 in is approximately similar to the 24 × 24 in 2 flat, sphere and cylinder reflectors.
RT simulations are performed for curved reflectors with two curve angles of 5 degree and 10 degree, respectively. The received power results are shown in Fig. 5 . We observe that 10 degree curved reflector mostly solves the coverage problem we observe at the top left portion of the receiver grid. This is mostly due to higher divergence of the rays when incident on the curved surface. For 5 degree curved reflector, we observe slightly higher outage than the 10 degree reflector at the top left side of the receiver grid. In the case of smaller curve angle, the divergent rays do not reach the top left side of the receiver grid.
E. CDF of Received Power with/without Reflector
The power values across the whole receiver grid can be combined into a single cumulative distribution function (CDF) plot for each scenario. The CDF plots of received power over the whole receiver grid for flat reflectors and no reflector are shown in Fig. 6(a) . As observed previously, the received power for the 12 × 12 in 2 reflector is smaller than the 24 × 24 in 2 and 33 × 33 in 2 reflectors, while the low power (outage) areas are similar. The variance of the received power with different reflectors is higher when compared to no reflector scenario as expected. Another observation from Fig. 6(a) is that the received power varies in the range [-75,-40] dBm, while for no reflector case it is [-85,-70] dBm. This behavior can be related to directional propagation in mmWave bands. In particular, highly directional scattering (reflection) results in power increase in some regions less and in some others more. In Fig. 6(b) , the CDFs of received power from the simulations are shown corresponding to same reflector scenarios as in Fig.  6(a) . Results show that simulations match reasonably with measurements. We obtain a median gain of around 20 dB for the 24×24 in 2 and 33×33 in 2 reflector scenarios as compared to the no reflector case.
The CDF of received power for cylinder and sphere reflectors from measurements and simulations are shown in Fig. 6(c) and Fig. 6(d) , respectively. Cylinder reflector exhibits higher received power in the measurements compared to the sphere. Whereas in simulations, we observe high received power for both cylinder and sphere. The CDF of the received power for the curved reflectors with curve angles of 5 degree and 10 degree obtained using RT simulations are also shown in Fig. 6(d) . In particular, the 10 degree curved reflector performs the best when the 10th percentile worst case user region is considered, while cylindrical reflector is the best for users having higher received power than the 10th percentile received power.
VI. CONCLUSIONS
In this work, channel measurements at 28 GHz are carried out in an NLOS indoor scenario. Passive metallic sheet reflectors of different shapes and sizes are used to enhance the received power, yielding a better signal coverage in the NLOS region. It is observed that increasing the size of reflector beyond a certain value at a given distance (of transmitter from the reflector) may not result in significant increase in the reflection power. Additionally, the coverage area enhancement using reflectors is found to be dependent on the radiation pattern of the antenna, and the size of the reflector at a given distance of the transmitter from the reflector. Maximum power is obtained at an azimuth angle of 45
• for 24 × 24 in 2 and 33 × 33 in 2 sized reflectors, where we observe a median gain of 20dB when compared to no reflector case. RT simulations suggested that the outage problem observed in top left portion of the receiver grid may be solved using curved reflector. The measurement results were compared with RT simulations that provides a close agreement.
